Asthma develops from injury to the airways/lungs, stemming from airway inflammation (AI) and airway remodeling (AWR), both contributing to airway hyperresponsiveness (AHR). Airway epithelial damage has been identified as a new etiology of asthma but is not targeted by current treatments. Furthermore, it is poorly studied in currently used animal models of AI and AWR. Therefore, this study aimed to incorporate epithelial damage/repair with the well-established ovalbumin (OVA)-induced model of chronic allergic airway disease (AAD), which presents with AI, AWR, and AHR, mimicking several features of human asthma. A 3-day naphthalene (NA)-induced model of epithelial damage/repair was superimposed onto the 9-week OVA-induced model of chronic AAD, before 6 weeks of OVA nebulization (NA þ OVA group), during the second last OVA nebulization period (OVA/NA group) or 1 day after the 6-week OVA nebulization period (OVA þ NA group), using 6-8-week-old female Balb/c mice (n ¼ 6-12/group). Mice subjected to the 9-week OVA model, 3-day NA model or respective vehicle treatments (saline and corn oil) were used as appropriate controls. OVA alone significantly increased epithelial thickness and apoptosis, goblet cell metaplasia, TGF-b1, subepithelial collagen (assessed by morphometric analyses of various histological stains), total lung collagen (hydroxyproline analysis), and AHR (invasive plethysmography) compared with that in saline-treated mice (all Po0.05 vs saline treatment). NA alone caused a significant increase in epithelial denudation and apoptosis, TGF-b1, subepithelial, and total lung collagen compared with respective measurements from corn oil-treated controls (all Po0.01 vs corn oil treatment). All three combined models underwent varying degrees of epithelial damage and AWR, with the OVA þ NA model demonstrating the greatest increase in subepithelial/total lung collagen and AHR (all Po0.05 vs OVA alone or NA alone). These combined models of airway epithelial damage/AAD demonstrated that epithelial damage is a key contributor to AWR, fibrosis and related AHR, and augments the effects of AI on these parameters.
Current asthma therapies work by either supressing AHR 9 or inhibiting AI. 10 There are, however, several shortcomings of these currently used treatments for asthma. In the case of short-and long-acting b-agonists, even though they relieve AHR transiently, they do not supress the processes that are involved in AI and AWR, which are the two main contributors to AHR. 9 Likewise, while corticosteroids inhibit AI and the contributions of AI to AHR, they only mildly affect AWR and, hence, AWR-induced AHR. Thus, to better develop novel treatments that can target all three central features of asthma, more research must be done in order to better understand the pathogenesis of asthma.
The limited availability of tissue and primary cells from the human airways has led many investigators to explore the potential of experimental models that can mimic the processes of human asthma. The experimental form of asthma that is induced in laboratory animals is allergic airways disease (AAD). Although all models of AAD exhibit several features of human asthma, none of these undergo the full spectrum of features seen in human disease. Currently there are several experimental models of ovalbumin (OVA)-induced AAD that have different time frames. 11 Acute and subacute models of AAD, which can be established over 3-4 and 7 days, respectively, undergo AI and some AWR, but do not present with airway fibrosis, which is a well-established hallmark of asthma. 11, 12 On the other hand, chronic models of AAD exhibit AI, several features of AWR (epithelial thickening, goblet cell metaplasia) including fibrosis, an increase in the expression of pro-fibrotic factors and AHR, 11 but do not undergo severe epithelial damage. 11 There are currently several acute experimental animal models of epithelial damage, each using a different toxin to cause epithelial damage. 13 The best characterized is naphthalene (NA), a Clara cell-specific cytotoxicant. 14 Clara cells are located on the bronchial epithelium 15, 16 and are responsible for the secretion of various products into the bronchial lining that are important for the protection of the epithelium (such as surfactant proteins) 15, 17 as well as inhibiting inflammatory reactions mediated via the Th2 response. 15, 17 Our hypothesis was that superimposing the NA-induced model of epithelial damage onto the gold standard chronic OVA-induced model of AAD would exhibit a wider spectrum of features that were associated with asthma (ie, AI, airway epithelial damage, airway fibrosis, and AHR) and that may be used in the future as a better representative experimental model of human asthma. Therefore this study aimed to superimpose the NA-induced mouse model of epithelial damage onto the 9-week OVA-induced mouse model of AAD at three distinct time points to (1) determine how closely these combined models represented the features of human asthma and (2) use these models to determine the contributions of AI vs epithelial damage to fibrosis and AHR, which are the hallmarks of asthma.
MATERIALS AND METHODS Animals
Six-to eight-week-old female Balb/c wild-type mice (provided by Monash University Animal Services) were allowed to acclimatize for at least 4 days prior to any experimentation and maintained on a 12-h light:dark cycle with free access to standard rodent chow (Barastoc Stockfeeds, Pakenham, VIC, Australia) and water. Female Balb/c wild-type mice have been shown to be more prone to a Th2 response and undergo higher airway reactivity (in response to allergens) compared with their male counterparts and other commonly used murine strains, 18, 19 and as such have been used extensively in chronic AAD models. 20, 21 All experimental procedures were performed according to the regulations approved by the Monash University Animal Ethics Committee, which adheres to the Australian Guidelines for the Care and Use of Laboratory Animal for Scientific Purposes.
Establishing the Combined Models of AAD Mice were subjected to three combined models of AAD: all mice were exposed to the 9-week OVA-induced model of chronic AI-induced AAD, as described previously. 22 Briefly, mice (n ¼ 32) were sensitized with two i.p. injections of 10 mg Grade V OVA (Sigma-Aldrich, St Louis, MO, USA) and 1 mg aluminum potassium sulfate adjuvant (alum; AJAX Chemicals, Kotara, NSW, Australia) in 0.5 ml of saline on day 0 and day 14. They were then subjected to nebulization (inhalation of an aerosol) with 2.5% (w/v) OVA for 30 min, three times a week, between days 21 and 63, using an ultrasonic nebulizer (Omron NE-U07; Omron, Kyoto, Japan). Subgroups of mice received a single i.p. injection of the Clara cell-specific cytotoxicant, NA (200 mg/kg body weight; Sigma-Aldrich) (i) on day 20 (1 day before the first OVA nebulization period; NA þ OVA group; n ¼ 10); (ii) on day 60 (during the second last OVA nebulization period; OVA/NA group; n ¼ 10); or (iii) on day 64 (1 day after the last OVA nebulization period; OVA þ NA group; n ¼ 12; Figure 1 ).
Separate subgroups of mice subjected to the (iv) OVA-induced model of chronic AI-induced AAD alone (n ¼ 10) or injected with (v) 0.5 ml saline (vehicle control for OVA; n ¼ 6) and nebulized with saline instead of OVA (from days 21 to 63) were maintained until day 67 as controls of the combined model of AAD (Figure 1 ). Additionally, age-matched mice maintained under standard housing conditions until day 63 (to control for the period of time that OVA þ NA-treated mice were being subjected to the 9-week OVA-induced model of AAD), and (vi) injected i.p. with NA (n ¼ 10) or (vii) corn oil (vehicle control for NA; Sigma-Aldrich; n ¼ 6) on day 64 and maintained until day 67 acted as separate controls of the combined model of AAD (Figure 1 ).
Invasive Plethysmography
On day 67, all seven groups of mice (n ¼ 64 in total) had their airway resistance (AHR) measured by invasive Figure 1 A schematic illustration of how the combined (i) NA þ OVA, (ii) OVA/NA, and (iii) OVA þ NA-treated models were established, along with separate control groups subjected to (iv) OVA-induced AAD or (v) saline (vehicle for OVA), and (vi) NA-induced epithelial damage or (vii) CO (vehicle for NA). Note that the (vi) NA and (vii) CO alone groups were housed for 9 weeks prior to treatment, to control for the period of time that the combined groups (i-iii) were being subjected to the OVA-induced component of the model.
Characterization of a novel model of asthma SG Royce et al plethysmography, in response to increasing concentrations of methacholine-induced airway bronchoconstriction. Briefly, mice were anesthetized with an i.p. injection of ketamine (200 mg/g) and xylazine (10 mg/g), tracheostomized and the jugular vein cannulated. Mice were then ventilated with a small animal respirator (Harvard Apparatus, Holliston, MA, USA) delivering 0.01 ml/g body weight at a rate of 120 strokes per minute in a mouse plethysmograph chamber. Increasing doses of methacholine were delivered i.v. and AHR was measured (Biosystem XA version 2.7.9, Buxco Electronics, Troy, NY, USA) for 2 min after each dose. Results were then expressed as the maximal resistance after each dose of methacholine minus baseline resistance.
Bronchoalveolar Lavage (BAL) Three 0.5 ml lavages were pooled in ice-cold 20% fetal calf serum (FCS)/phosphate-buffered saline (PBS) before red blood cells were lysed and cells washed twice in 5% FCS/PBS. Total viable cell counts were performed manually by trypan blue exclusion. Cytospin smears (2 Â 10 4 cells) were prepared, fixed with methanol and stained with modified Wright's stain (Hema-Tek, Bayer Diagnostics, Leverkusen, Germany). Differential counts of eosinophils, neutrophils, lymphocytes and monocytes were determined using light microscopy ( Â 40 magnification, 100 cells counted) in a blinded manner.
Tissue Collection
Once airway reactivity measurements were completed, animals were killed with an overdose of anesthetic before their lung tissue isolated and rinsed in cold PBS. The lungs of each animal were then divided along the transverse plane, resulting in four separate lobes. The largest lobe was fixed in 10% neutral buffered formalin overnight, processed routinely and embedded in paraffin wax. The remaining three lobes were snap-frozen in liquid nitrogen and stored at À 80 1C for further analyses, as detailed below.
Lung Histopathology
Formalin-fixed, paraffin-embedded tissues were sectioned (3 mm thickness) and placed on SuperFrost charged microscope slides (Grale Scientific, Melbourne, VIC, Australia). To assess peri-bronchial inflammation score, one set of serial sections/mouse underwent Mayer's haematoxylin and eosin Y (H & E) staining. To assess epithelial thickness, epithelial denudation and subepithelial collagen deposition, another set of serial sections/mouse underwent Masson trichrome staining. To assess goblet cell metaplasia, a third set of serial sections/mouse underwent Alcian Blue Periodic Acid Schiff (AB-PAS) staining. Immunohistochemistry Paraffin-embedded lung sections were immunohistochemically stained for annexin V (a marker of apoptosis) 23 and TGF-b1 23 as described before: utilizing polyclonal antibodies to annexin V (S0961; 1:100 dilution; Epitomics, Burlingame, CA, USA) and TGF-b1 (sc146; 1:800 dilution; Santa Cruz Biotechnology, Santa Cruz, CA, USA), respectively. Detection of antibody staining was completed using the Dako EnVision anti-rabbit kit (Dako, Carpinteria, CA, USA) and 3,3 0 -diaminobenzidine (Sigma-Aldrich), where sections were counterstained with hematoxylin. Images of five bronchi (measuring 150-350 mm luminal diameter) per section were obtained and quantified by morphometry, as described below.
Histological Evaluation of Inflammation

Morphometric Analysis
Representative photomicrographs from Masson trichromeand AB-PAS-stained slides were captured from scanned images using ScanScope AT Turbo (Aperio, CA, USA), while immunohistochemically stained images were captured using an Olympus UC50 camera (Olympus Australia, Melbourne, VIC, Australia) attached to an Olympus BX51 microscope. Stained airways were randomly selected from across the tissue sample. Masson trichrome-stained slides were analyzed by measuring the thickness of the epithelial and subepithelial layers and expressing the value as mm 2 /mm basement membrane length. AB-PAS slides were analyzed by counting the number of stained goblet cells, which were expressed as the number of goblet cells/100 mm basement membrane length. Annexin V-and TGF-b1-stained sections were analyzed by scoring the degree of staining around the membrane of the airway epithelial cells between 0 and 3 (where 0 represented no staining and 3 represented abundant staining).
Hydroxyproline Assay
The second largest lung lobe from each mouse was processed as described before 11, 23 for the measurement of hydroxyproline content, which was determined from a standard curve of purified trans-4-hydroxy-L-proline (Sigma-Aldrich). Hydroxyproline values were multiplied by a factor of 6.94 (based on hydroxyproline representing B14.4% of the amino-acid composition of collagen in most mammalian Figure 3b ).
Epithelial thickness
Airway epithelial thickness was also assessed from Masson trichrome-stained lung tissue sections (Figure 3a) Figure 3c ).
Goblet cell metaplasia
Goblet cell metaplasia (number of goblet cells/100 mm basement membrane length) was assessed by morphometric analysis of AB-PAS-stained lung tissue sections (Figure 4a ). The mean number of goblet cells was significantly increased in OVA-sensitized/challenged mice compared with that from saline-sensitized/challenged animals (OVA: 6.02 ± 0.59 vs saline: 0.13±0.05; Po0.001 vs saline group; Figure 4b ). Conversely, there was no significant change in mean goblet cell numbers between NA-treated and CO-treated groups (NA: 0.45 ± 0.14 vs CO: 0.01 ± 0.01; Figure 4b ). In comparison, goblet cell numbers in NA þ OVA-treated mice (4.83 ± 0.57; Po0.001 vs saline, CO and NA alone groups) were not significantly different from that measured in OVAsensitized/challenged mice (6.02 ± 0.59), but progressively decreased in OVA/NA (4.10±0.81; Po0.05 vs OVA group; Po0.01 vs saline group; Po0.001 vs CO and NA alone groups), and OVA þ NA (2.82±0.52; Po0.01 vs OVA alone, CO and NA alone groups; Po0.05 vs saline and NA þ OVA groups) treated animals ( Figure 4b ).
Individual vs Combined Effects of OVA-Induced AAD and NA-Induced Epithelial Damage on Airway Fibrosis
Subepithelial lung collagen thickening Subepithelial collagen thickness (relative to basement membrane length) was assessed from Masson trichrome-stained lung tissue sections (Figure 3a) , was significantly increased in OVA-sensitized/challenged mice compared with that from saline-treated mice (OVA: 24. Figure 3c ). Strikingly however, subepithelial collagen thickness in OVA þ NAtreated mice (32.61±1.78) was further increased such that it was significantly greater than that measured in OVA (Po0.01 vs OVA group) and NA (Po0.05 vs NA group) treated mice ( Figure 3c ).
Total lung collagen concentration
Total lung collagen concentration (percentage of collagen content/dry weight lung tissue) was extrapolated from hydroxyproline analysis (Figure 3d ), significantly increased in OVA-sensitized/challenged mice compared with that measured from saline-sensitized/challenged control mice (OVA: 2.35±0.07 vs saline: 1.90±0.07; Po0.05 vs saline group), and separately in NA-treated mice compared with CO-treated mice (NA: 2.47 ± 0.07 vs CO: 1.98 ± 0.10; Po0.05 vs CO group; Figure 3d ). In a similar trend to changes in subepithelial collagen thickness, total lung collagen concentration in NA þ OVA (2.45±0.08; Po0.05 vs saline and CO groups) and OVA/NA (2.25±0.05) treated mice was not statistically different from that in OVA alone (2.35±0.07) and NA alone (2.47±0.07) injured mice, whereas collagen concentration in OVA þ NA-treated animals (2.86 ± 0.15) was significantly greater than that measured in all other groups (Po0.001 vs saline, CO and OVA/NA groups; Po0.01 vs OVA alone and NA alone groups; Po0.05 vs NA þ OVA group; Figure 3d ).
Individual vs Combined Effects of OVA-Induced AAD and NA-Induced Epithelial Damage on AHR Changes in AHR from baseline in response to increasing doses of nebulized methacholine were used to measure changes in AHR between treatment groups ( Figure 5 ). There was a significant increase in AHR in OVA-sensitized/challenged mice compared with that measured from saline-sensitized/challenged controls (Po0.05 vs saline group). In contrast, there was no significant difference in airway reactivity between NA-treated and CO-treated mice, consistent with previous studies 23 and reflecting the fact that NA-treated mice undergo reparative healing by 3 days post injury, which is not associated with increased AHR. In comparison, only OVA þ NA-treated mice exhibited significantly enhanced AHR compared with that measured from OVA-sensitized/challenged (Po0.05 vs OVA group) and NA-treated mice (Po0.001 vs NA group; Figure 5 ).
Individual vs Combined Effects of OVA-Induced AAD and NA-Induced Epithelial Damage on Other Parameters of Epithelial Damage and Fibrosis
Based on the findings detailed above, changes in airway epithelium apoptosis and the pro-fibrotic factor, transforming growth factor (TGF)-b1, were additionally evaluated in OVA þ NA-treated mice and compared with that in the four control groups:
Epithelium apoptosis Epithelial cell apoptosis was assessed by morphometric analysis of annexin V-stained lung tissue sections (Figure 6a ). Annexin V staining was significantly increased in OVAsensitized/challenged mice compared with that from saline-sensitized/challenged animals (OVA: 1.51±0.19 vs saline: 0.76±0.17; Po0.01 vs saline group) and separately in NA-treated mice compared with that measured from COtreated mice (NA: 2.17 ± 0.12 vs CO: 0.40 ± 0.10; Po0.001 vs CO group; Figure 6b ). In comparison, OVA þ NA-treated mice had significantly increased levels of annexin V staining compared with that from OVA-sensitized/challenged mice (OVA þ NA: 1.90 ± 0.07 vs OVA: 1.51 ± 0.19; Po0.05 vs OVA group), but comparable levels of apoptosis to that measured from NA-treated animals (OVA þ NA: 1.90±0.07 vs NA: 2.17±0.12 Figure 6b ).
TGF-b1 expression TGF-b1 expression/distribution was assessed by morphometric analysis of TGF-b1-stained lung tissue sections (Figure 6c ). TGF-b1 staining was significantly increased in OVA-sensitized/challenged mice compared with that from saline-sensitized/challenged animals (OVA: 2.36 ± 0.26 vs saline: 1.00 ± 0.15; Po0.001 vs saline group) and separately in NA-treated mice compared with that measured from COtreated animals (NA: 2.07±0.73 vs CO: 1.07±0.35; Po0.01 vs CO group; Figure 6d ). Mean airway TGF-b1 staining levels trended to be higher in OVA þ NA-treated mice (2.71±0.15) compared with that in OVA alone (2.36±0.26) and NA alone (2.07 ± 0.73) treated animals, although this did not reach statistical significance (Figure 6d ).
DISCUSSION
Epithelial damage has emerged as a novel etiology of asthma, contributing to the development of AWR and subsequently AHR. 23, 25 Despite its significance, epithelial damage has been poorly addressed in current experimental models used to study the pathogenesis of asthma, and also by currently available therapies for asthma. Thus, establishing experimental models of AAD that better reflect the pathogenesis of human asthma and incorporate the contribution of epithelial damage with other features of AWR and AHR is warranted. The current study, therefore, aimed to superimpose epithelial damage at varying time points onto the 'gold-standard' model of chronic AAD (that presents with AI, AWR, and AHR) in mice, and determined how closely these models presented with features of human asthma. The main findings obtained were that (1) airway fibrosis and AHR induced by superimposing epithelial damage after AI-induced AWR (in the OVA þ NA-treated group) were further exacerbated and significantly increased compared with that induced by AI alone (in the OVAsensitized/challenged group) or epithelial damage alone (in the NA-treated group); and (2) AI and related AWR-induced bronchial epithelium apoptosis (in the OVA-sensitized/ challenged group) was further exacerbated by epithelial damage (in the OVA þ NA-treated group). However, (3) while epithelial damage in isolation (in the NA-treated group) led to a marked increase in epithelial denudation and significant reduction in epithelial thickness (compared with that measured in CO-treated control mice), it did not further affect these measures (in the NA þ OVA, OVA/NA and OVA þ NA-treated groups) over and above that induced by AI-induced AWR (in the OVA-sensitized/challenged group). Additionally, (4) superimposing epithelial damage onto AI-induced AWR (in the combined models) resulted in a time-dependent progressive reduction in airway goblet cell metaplasia compared with that measured in OVA-sensitized/ challenged mice, with the lowest levels of goblet cells observed when epithelial damage was induced after AIinduced AWR (in the OVA þ NA group). From studies performed on the NA-induced model of epithelial damage and in mice deficient of the epithelial Characterization of a novel model of asthma SG Royce et al repair peptide, trefoil factor 2, 23, 25 it can be suggested that epithelial damage alone can lead to subepithelial airway fibrosis (as demonstrated by the increased NA-induced subepithelial collagen thickness and total lung collagen concentration), similar to processes occurring in human asthma where repeated episodes of epithelial injury lead to prolonged activation of the epithelial mesenchymal trophic unit. 26, 27 Previous studies have shown that epithelial damage results in epithelial cells releasing pro-inflammatory factors such as IL-1 and tumor necrosis factor-a. 28 These factors in turn recruit and stimulate mast cells to release various factors including IL-10. IL-10 then actively recruits Th2 cells, which are stimulated to release IL-13, which in turn promotes the proliferation and differentiation of myofibroblasts from fibroblasts. 3,28 IL-13 also stimulates the release of the profibrotic factor TGF-b1 from myofibroblasts, 3, 28 which, when activated, stimulates the synthesis and deposition of increased matrix molecules in the subepithelial basement membrane region of the airway (resulting in increased subepithelial collagen thickness 3, 28, 29 ) (Figure 7) . Additionally, the results of this study suggested that epithelial damage-induced fibrosis is further worsened when inflicted after the establishment of AI-induced AWR, leading to a concomitant worsening of AHR. Hence, both AI and epithelial damage can both independently cause inflammatory cell influx/activation and the release of various cytokines (IL-4, IL-10, IL-13, TGF-b1) that result in myofibroblast differentiation and collagen secretion/deposition, and, when combined, result in an exacerbated level of fibrosis and related AHR (as demonstrated in the OVA þ NA-treated group).
The findings from these studies also suggest that the degree of fibrosis is related to AHR, consistent with past studies [30] [31] [32] that have shown that in addition to collagen IV being increased in the subepithelial layer various interstitial collagens are also synthesized and deposited into areas surrounding the subepithelial and within interstitial regions of the airway in human asthma. This increase in aberrant collagen deposition increases total wall thickness of the airway, resulting in a reduction in the diameter of the airway lumen. 33, 34 This feature can lead to an increase in AHR, which has been extensively mathematically modeled. 33, 34 While this exaggerated fibrosis and AHR observed in the OVA þ NA-treated model is more likely to mimic the sequence of events that take place during chronic asthma, the alterations in some aspects of the epithelial remodeling changes observed (in OVA þ NA-treated mice; such as epithelial denudation and goblet cell metaplasia) were less prominent. As expected, epithelial denudation was significantly increased by NA treatment of mice (as demonstrated previously). 23, 35 Comparatively though, epithelial denudation in OVA þ NAtreated mice was similar to that measured OVA-sensitized/ challenged animals, but significantly less than in NA alonetreated mice. OVA sensitization/challenge stimulates a cascade of effects that leads to the differentiation of Clara cells (the predominant cell type in the mouse airway epithelium) into goblet cells, 36, 37 resulting in goblet cell metaplasia. Hence, by the time NA was administered to the combined model, less Clara cells may have been present (for the NA to target), correlating with the smaller amount of epithelial denudation that was observed in the OVA þ NA-treated model. These findings potentially highlight the limitations of using isolated animal models of epithelial damage to mimic the pathology of human asthma, as the specific and exaggerated level of airway damage they undergo is likely to be higher than that associated with human disease. However, these findings also highlight that the etiology of epithelial damage is quite different in the combined murine model established from what occurs in humans, in which epithelial shedding is caused by an inherited predisposition to epithelial damage, which may include abnormal expression of cell-cell adhesion molecules. 8 Furthermore, the histology of the human airway is more complex than that of the mouse with different cell renewal lineages. Despite this, the OVA þ NA-treated model still results in pathology and an end point that resembles the human epithelial lesion. Further work in this combined mouse model including time point studies and repeated epithelial injury may reveal more about the chronic asthma scenario representative of the lifelong asthma sufferer. Furthermore, this model may enable evaluation of the effect of drugs on wound healing, which has only been characterized in laboratory animals, 38 in the background of chronic inflammation and remodeling.
Expectedly, bronchial epithelium apoptosis was significantly higher in NA alone-treated mice (compared with that in CO-treated controls), 23 consistent with the epithelial denudation that these mice exhibited. Annexin V-associated apoptosis was also significantly higher in OVA-sensitized/ challenged mice compared to that measured in saline controls, 25 and was further increased in OVA þ NA-treated mice compared with OVA-sensitized/challenged animals, which was comparable to levels measured in NA alonetreated mice. As epithelial denudation was not observed in Characterization of a novel model of asthma SG Royce et al OVA-sensitized/challenged and OVA þ NA-treated animals, it is likely that the cell apoptosis associated with OVAsensitized/challenged and OVA þ NA-treated mice was independent of epithelial denudation and was instead associated with the corresponding levels of AWR and related fibrosis seen in these groups, respectively. As demonstrated before, 22 goblet cell metaplasia was significantly increased in OVA-sensitized/challenged mice Characterization of a novel model of asthma SG Royce et al compared with saline controls. Interestingly, goblet cell metaplasia was less in OVA þ NA-treated mice, compared with that measured in OVA mice. Airway epithelial thickening leads to a reduction in airway lumen size, resulting in a greater degree of AHR and corresponding AHR. 28 Studies have shown that in nonfatal asthma epithelial Characterization of a novel model of asthma SG Royce et al thickness can increase by B10-100%, 11 which is consistent with the findings of this study, which demonstrated that epithelial thickness was significantly and comparably increased in OVA-sensitized/challenged and OVA þ NAtreated mice by B20%, relative to that in saline animals. Based on the changes in AHR measurements between the groups, it was expected that epithelial thickness in OVA þ NA-treated mice would have been greater than that measured in OVA-sensitized/challenged animals. However, the levels of epithelial thickness in the combined model may have been limited to a certain extent by NA-induced re-epithelialization. The relatively large surface area of the human respiratory tract allows for more heterogeneity with areas of normal epithelium, exposed basement membrane, goblet cell metaplasia, low re-epithelialization, and thickened epithelium, as well as squamous cell metaplasia (not seen in the mouse), corresponding to varying thicknesses and stages of the damage repair cycle related to focal lesions. 39 In summary, a combined OVA þ NA model was established, which developed several features of human asthma to a greater extent than the chronic AAD model. The potential advantage of this combined OVA þ NA-treated model (over existing models) is that it incorporates AI, epithelial damage, AWR, and AHR as part of its pathology, and therefore is more likely to undergo structural and functional changes that are more reflective of human asthma. Additionally, given the striking increase in fibrosis and AHR that was observed in the combined model, perhaps this model can now be used to evaluate novel treatments that target epithelial damage (such as epithelial repair molecules and trefoil factors); 25 and related fibrosis (such as relaxin, 40 pirfenidone 41 and stem cells 42 ). The characterization of this model has led us to demonstrate that epithelial damage is a key contributor to airway fibrosis and related AHR, and exacerbates AIinduced AWR.
